Measurements by Blackett and Wilson (1938) showed th at the scattering of cosmic-ray particles in metal plates was in approximate agreement with the simple theory then available, at least for energies less than 2 x 109 e -volts. This result provided important evidence as to the nature of the cosmic-ray particles, for it tended to confirm the view th at the penetrating particles were much heavier than electrons, rather than the alternative assumption th at the particles were electrons for which radiative energy losses were suppressed at high energies.
Recently, Williams (1939) has given a critical development of the theory of scattering of very energetic particles in the atomic field. This treatm ent leads to a more accurate value of the theoretical Coulomb scattering and shows that, for cosmic-ray scattering experiments, a fairly sharp separation in angular range is to be expected between scattering in the Coulomb field of the scattering atom and th at arising from the short-range interaction between the incident particle and the separate nuclear particles. Accurate measurements of scattering therefore offer a method of estimating the magnitude of the short-range interaction of mesotrons with neutrons or protons. Williams, for example, shows th at our previous measurements indicate a mesotron-proton (neutron) interaction decidedly less than th at of slow neutrons with protons.
The present work incorporates the more accurate of our previous measurements and extends these to show the close agreement of mean scattering angle, and of distribution of scattering angles, with the theory of the main electrical (Coulomb) scattering. These measurements, together with a more general survey of a large number of track photographs un suitable for accurate measurement, also lead to an estimate of the inter action cross-section of mesotrons with the constituent nuclear particles.
The measurement of scattering
The technique of accurate measurements of scattering of cosmic ray particles at a metal plate in an expansion chamber has been described in detail in our earlier work. The upper limit of energy has been taken at 2 x 109 e-volts and so excludes the region for which our earlier measure ments indicated a possible anomaly, but for which the accuracy of experi ment is low.
As far as possible electrons have been excluded from the measurements. For the tracks passing through a 2 cm. plate of gold this exclusion is complete (Wilson 1939, § 4) ; for other scattering plates all particles with Ee<2x 108 e-volts are omitted and hence the total number of electrons remaining must be negligible. Protons cannot be similarly excluded except at low energies where they ionize heavily. However, the percentage of protons in the penetrating beam is small, probably less than 10%, and the effect of a proton component of this order of magnitude is considered in § 7 (figure 2) and is shown to be negligible. The measurements therefore refer almost exclusively to mesotrons. The accuracy of measurement, and hence of the comparison with theory, cannot be stated with certainty. The observations of scattering angle are made to 0-1°, and the mean value for several independent settings on the same track is probably accurate to within 0-05°. Since for the majority of the tracks used the mean scattering angle is 1-2°, this corresponds to a probable random error of measurement of less than 5 %, and leads to no appreciable systematic error in the arithmetic mean scattering. The pre cision of the measurements is limited by residual distortions, which are largest near the scattering plate, and by the fact th at the larger clusters of ionization, which are particularly conspicuous at small magnifications, lie beside, but not necessarily exactly on, the direct trajectory of a particle. These factors make it necessary to determine the direction of the trajectory over a length for which the curvature in the magnetic field is appreciable. The individual measurements of energy are subject to considerable random errors (7 % at 109 e-volts), but, over the energy range used, these random errors do not lead to an appreciable systematic error in the product fiEed (see § 4).
The main source of systematic error lies probably in the value of the magnetic field. The field falls off considerably towards the edge of the chamber, and the length of track lying in this peripheral region varies according to the position of the track in the chamber. The mean effective value of the field which has been used is probably uncertain to about 3 %.
The effective magnification of the photographs also varies by 3 or 4% between tracks at the extreme front or extreme back of the illuminated part of the chamber, but the possible variation of the adopted mean value is very much smaller than the uncertainty of field.
The measured mean scattering, (3Eed, is therefore probably accurate, apart from statistical errors, to within 3% .
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E xperimental results
The results tabulated in table 1 give measurements for four different scattering plates-1 cm. lead, 0-3 cm. lead, 2 cm. copper, and 2 cm. gold. The tracks with the gold plate are all new measurements, while most of the remainder are taken from our previous work, having been selected for the conditions given in § 2. In the second column, the number of tracks measured is shown, and in the third, the mean value of /3Ee0, where Ee=3QQHp is measured in 109 e-volts and 6, the projected angle of scatter ing in the plane of the chamber, is measured in degrees. The theory ( § 4) shows th a t it is this quantity fiEe0, which is the measure of the multiple scattering. The value of /? used corresponds to a mesotron mass /c = 180m0. The last two columns give the direct comparison with the theoretical mean electric scattering when the finite size of the scattering nucleus is taken into account ( § 4), and for the less exact theory in which the nucleus is treated as a point charge. The individual measurements of multiple scattering will be shown to agree closely with a Gaussian distribution, and the probable errors of table 1 are calculated accordingly (Brunt, 1931, p. 57) . The last line of the table differs from the preceding one by the omission of one track traversing 1 cm. lead, for which Ee = 1 -5 x 104 * * * * 9 e-volts and 6 = 4°. Th sidered to be a case of large-angle scattering (see § 5), and is certainly not relevant to the Gaussian scattering to which the theory is applicable (table 2). The result for all measured tracks (line 6) is in much better agreement with the finite nucleus theory given by Williams than with the point nucleus theory; however, it must be noted th at since both measured and theoretical values are uncertain to 2 or 3 %, the accuracy of the comparison is rather lower than is indicated by the statistical error which is given in the table.
The distribution of scattering angles of all the measured tracks is given in table 2, and the observations are compared with the theoretical Gaussian scattering in figure 1. The observed distribution follows closely the theoretical scattering in the shielded field of a finite nucleus. Only one particle, to which reference has already been made, falls appreciably outside the main distribution.
The scattering of fast mesotrons-theory
The detailed general treatm ent of this problem is due to Williams (1939) , and only the main features of the results which are applicable to cosmic-ray experiments will be given here.
The scattering is considered in terms of an effective impact parameter and two separate cases are distinguished according as the impact parameter is greater or less than a value r0, which is approximately the nuclear radius. The main observed scattering arises from a range of impact parameters greater than r0. This is effectively scattering in the Coulomb field of the nucleus, between extreme collision distances, the upper limit being deter mined by the shielding of the orbital electrons, and the lower limit (r0) by the modification of the electrostatic field within the nucleus radius. These Coulomb collisions would normally lead to an angular distribution mainly due to multiple scattering, together with a " ta il" of large-angle single scattering corresponding to close collisions which do not, on the average, occur as often as once per particle in the scattering layer. Williams shows th at the effect of the lower (nuclear) limiting impact parameter is to suppress completely this ' 1 tail of single scattering and to modify slightly The scattering of mesotrons 5 100 F ig u r e 1. The distribution of scattering for mesotrons, E e< 2 x 109 e-volts. (6) ob served number of tracks per unit range of 6/6th> (1) theoretical curve, finite nucleus, (2) theoretical curve, point nucleus, drawn to the same maximum as (1). the magnitude, but not the form, of the multiple scattering distribution. Hence the scattering due to' these more distant collisions is entirely multiple, and the distribution of observed scattering angles (i.e. the pro jection of the true scattering angles in the plane of the photograph) should be strictly Gaussian.
We may consider the closer collisions, which correspond to a distance of approach of less than r0, in terms of scattering due to the constituent nuclear particles. It is shown by Williams th at for these collisions the scattering in the Coulomb field of separate nuclear protons is negligible, and th at any scattering contribution from this region is due to the short range interaction between the scattered particle and the individual neutrons and protons in the nucleus. The short-range forces produce relatively many more large-angle deflexions than arise from the multiple Coulomb scattering. The predicted absence of a single scattering " ta il" to the Gaussian of electrical scattering is thus particularly favourable to the detection of scattering due to close collisions with nuclear particles.
The mean value of the multiple electrical scattering is given by
for scattering material of atomic number Z, thickness t and N atoms per cm.3, and for a scattered particle of single charge, of electron energy E e = 300Hp and of velocity v -j3c. For 1 cm. lead, equation (1) gives the numerical value 6thEe/3 = 0-90 degrees x 109e-volts. The mass of th particle is effective only in so far as it determines /? for a given value of E. We are not able to measure the value of /? directly for the tracks used, and all of these are assumed to be mesotrons -180m0). Protons in the energy range considered would give rise to a component of scattering of appreciably larger mean angle than th at of mesotrons.
I t is not possible, with the experimental data available, to discuss the distribution of large-angle scattering due to short range forces; in the following section an estimate of the total cross-section for this scattering is given, but the data are insufficient to give any information as to the law of force involved. These large angle collisions may conveniently be considered in terms of the energy transfer, assuming th at this takes place to a single free nuclear particle.* Williams shows th at for such a collision, the energy transfer e is given by i e~ 0-35 x 105 6 * * {Ecj))2 e-volts,
where (j) is the deflexion at collision. The measured deflexion is a resultant of (j) and the normal multiple scattering, and the most probable value of ^ is 6.
E xperimental evidence of short-range mesotronneutron (proton) interaction
As already mentioned, the group of accurately measured tracks ( §3) contains only one particle falling appreciably outside the distribution of multiple scattering. For this particle the probability of occurrence as a fluctuation on the main distribution is less than 1/1000. The incident particle has an electron energy 1*5 x 109 e-volts and the energy transfer to a particle of protonic mass corresponding to the whole observed deflexion is about 12 x 106 e-volts (equation (2)), an energy probably sufficient to cause disintegration of the nucleus, although there is no evidence th a t this has occurred.
Only one collision involving this large transfer of momentum has taken place for the traversal of about 4 cm. lead equivalent of scattering material. I t follows, as has already been pointed out by Williams, th at the mesotron interaction must be much less than th a t between protons and slow mesotrons.
A large number of additional photographs representing a total scattering layer of about 50 metres lead equivalent, but which are not suitable for accurate measurement, have also been inspected for the presence of meso trons suffering large deflexions. I t is unlikely th a t any deflexion as great as 10° would be undetected. Only one example of a large deflexion of this type was observed (photograph, plate 1). This shows a proton which has been ejected from the nucleus in the collision, and is considered in detail in § 6.1, where it is shown th a t the energy transfer is more than 108 e-volts. Although we have observed only one proton ejection of this type, Erode and Starr (1938) , in a much larger number of traversals, observed three such events, which appear to represent a similar frequency of occurrence to our observations. We cannot exclude the possibility th at some of these particles which undergo large deflexion are protons, for although protons form only a small fraction of the whole beam, the proton-proton cross-section is probably large compared with the mesotron-proton cross-section. In table 3 are given estimates of this latter cross-section on the assumption th at all the incident rays are mesotron. In view of the possible presence of protons, the real mesotron-proton cross-section may be still lower than th at given in the table.
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We deduce th at the process of scattering of mesotrons of energy E e ~ 109 e-volts due to short-range interaction with nuclear particles takes place with a cross-section of the order, or less than, 10~28 cm.2. No useful estimate of the variation of this cross-section with the energy transfer is possible at present. I t has been pointed out elsewhere (Wilson 1939) th at the scattering of a group of low energy mesotrons (included in the general results, tables 1 and 2) was completely normal and showed no cases of large-angle scattering. This group consisted of thirty-one particles, with 4*1, which penetrated 2 cm. gold, corresponding to the traversal of about 100 cm. lead equivalent. The mean observed scattering for these tracks was 60bs/dth = l -02 + 0-10, and the group contains no example of large-angle scattering. The efficiency with which large deflexions would be observed is determined by the geometry of the counters and of the scattering bar. We estimate th at for the least favourable assumption as to the distribution of large-angle scattering-an isotropic distribution-the observations exclude the possibility th at as many as 10% of the particles suffer large deflexions. When predominantly forward scattering is assumed, the possible frequency of large deflexions decreases, and, for a scattering distribution corresponding to that of the Compton effect for a comparable photon energy (given by hvjme2~E (m esotron)/^2), is less than 3 %. The range in lead for scattering due to short-range forces is thus certainly of the order of 100 cm. or more for mesotrons of mean kinetic energy less than 4/ic6 2. This range corresponds to a cross-section < 1 per proton or neutron, and hence we observe no increase of scattering at low mesotron energies as compared with th at at higher energies.
T h e m e s o t r o n -p r o t o n (n e u t r o n ) in t e r a c t i o n -COMPARISON WITH THEORY
The cross-section estimated in the previous section for this interaction (~ 10~28 cm.2) is in agreement with that deduced by Bhabha (1938 Bhabha ( , 1939 in a " c l a ssi c a l " wave theory of the mesotron. Bhabha show's classical treatment should describe the mesotron interaction with heavy particles up to mesotron energies of the order of the rest mass of the heavy particle, say, 109 e-volts. Thus our experimental energy range does not seriously exceed the valid range of the theory. The well-known difficulties involved in the quantum theory of mesotrons allow a comparison of the observations with quantum theory only a t the lowest energies {EysXn~/m?). The calculated cross-section, which is of the order of 2 (h/fic)2 10-25 cm.2 (Heitler 1938a), seems much too large to agree with the experimental value < 10-27 cm.2 ( § 5) which is obtained for kinetic energies very little greater than the mesotron rest energy.
6.1. Discussion of plate 1. An example of a very close collision showing some remarkable features is given in plate 1. I t is unfortunate th a t the photograph is technically very much poorer than the average.
The incident particle, A , which is positive with an electron energy between 109 and 2 x 109 e-volts, is scattered through 18° to A ', and a proton, C, is ejected a t an angle of 53° with the direction of A . The curvature of the proton track, G, is 1-05 x 106 g.-cm., and hence this particle the plate with an energy 0*56 x 108 e-volts: allowing for the loss of energy traversing the plate from the point of collision, we find the initial energy of the ejected proton to be 1*7 x 108 e-volts. The energy and momentum relations for the collision indicate very little deviation from an elastic collision.
Plate 1 also shows another more energetic penetrating particle B B ' which is, as far as can be judged, copunctual and contemporary with A A ' (see Wilson 1939, § 6) . There is some indication th a t B B ' produces a secondary, D, which is probably electronic. A third contemporary track appears near the top right-hand corner of the photograph, but there is no indication as to its nature. The probability th a t the association in time of these three tracks is the result of random coincidence is negligible. Thus we have here a definite case of associated penetrating particles in a shower. I t is not clear what, if any, is the relation between such phenomena and the well-known " sta rs" of Blau and Wambacher (1937; Schopper and Schopper 1939) which appear to consist mainly of alpha particles and protons derived from nuclear disintegration. B ut the proton track G would certainly be observed as a single track in a photographic emulsion.
The scattering distribution in the presence OF PROTONS
For the experimental energy range, protons have a velocity appreciably less than c and therefore give rise to a rather more strongly scattered component than the predominant mesotrons. In figure 2 , the modification of the tail of the curve of multiple scattering is given for proton components Vol. 174. A. of 20% and 40% at a mean energy of 109 e-volts. The proton com ponent, in fact, amounts probably to only about 5 % or less, and the figure shows clearly th at the effect of this proportion is negligible for the number of tracks observed. The single example of large-angle scattering in the series of accurately measured photographs is also indicated in figure 2. We have found no deviation from theory for the slowest mesotrons included in'our measurements ( § 5, E e~ 108 e-v anomaly has been reported by Fowler and Oppenheimer (1938; Fowler 1938) for 107 e-volt electrons scattered in thin lead foil. These workers show th at while the single large-angle scattering (which is not suppressed under the conditions of their experiment) is normal, the multiple scattering is only about 4 0 % of th at predicted theoretically. This result suggests th a t the discrepancy is associated with the small deflexions arising from collisions near the upper shielding impact parameter. In our experiments, where a much thicker scattering plate is used, the relative importance of this region for multiple scattering is clearly much reduced. Hence the anomaly is probably determined by the thickness of the scattering layer rather than by the energy of the scattered particle.
The interpretation of scattering due to short-range
* According to the present mesotron theory, the cross-section for the scattering of charged mesotrons by a proton or neutron is given, for energies of the order pc2 (Heitler 1938a), by -1 -10-26 cm.2, where g is the characteristic " charge-constant" of the mesotron theory. The cross-section increases a t higher energies, but these energies {Ekln > pc2) lie outside the limits of validity of the theory.
In a classical theory for neutral mesotrons, Bhabha (1939) finds a much smaller cross-section:
(j> ~ 8W3( j y 2 ~ 10-27 -10-28 cm.2,
where M is the proton mass. This value, (4), is analogous to the Thomson formula for the scattering of light by electrons, and does not increase with increasing energy. The same result (4) can be derived from the quantized mesotron theory for the scattering of neutral mesotrons. I t should be noted th a t (3) is independent of the proton mass, while (4) is proportional to 1 /M2.
The remarkable difference between (3) and (4) is due to the role which the electric charge plays in the mesotron theory, controlling to a large extent the interaction between charged mesotrons and heavy particles: a positive mesotron, for instance, can be absorbed only by a neutron and not by a proton, while no such restriction applies for neutral mesotrons. This difference of behaviour leads to the large cross-section (3).f
We have already shown ( § 6) th a t the experiments are not in agreement with the cross-section (3) but are consistent with (4). I t might still be t If states of the heavy particle were possible with charges + 2e, -I-e, the scatter ing cross-section (4) would apply also for charged mesotrons. This assumption, however, involves so m any other difficulties that it would be premature to consider it seriously at the moment.
Heitler also points out that the cross-section for processes of the type
Y° + N = P + Yd
oes not depend on the interaction assumed, but in any case is given by (4).
possible to assume th a t (3) is correct for energies less than and th a t the cross-section decreases very rapidly (by a factor of 100!) between and 3 [ic2,but this behaviour is most unlikely. I t is much more probable th a t (4) represents the true cross-section even for charged mesotrons, although this result cannot be deduced from the present mesotron theory in any form.
The small experimental cross-section for charged mesotrons a t low energies has therefore an important bearing on the fundamental problems of charge exchange in the interaction of charged mesotrons with heavy particles.
I am indebted to Professor P. M. S. Blackett for his constant interest and advice during this work, and to Professor E. J. Williams and Dr W. Heitler for discussions of the theory of scattering.
Summary
An extended series of accurate measurements of the scattering of mesotrons is described. These are in general agreement with our earlier measurements, and confirm within the accuracy of the experiment (about 4 %) the theoretical value given by Williams (1939) for multiple Coulomb scattering.
Theory shows th at the scattering by a finite nucleus should be about 10% less than th at by a point nucleus. The experimental results, which have an accuracy of about 4 % , definitely confirm the lower value and so can be considered as supporting the correctness of the scattering theory as applied to a finite nucleus.
The evidence for the existence of large-angle scattering due to shortrange forces between mesotrons and nuclear heavy particles (protons and neutrons) is discussed. The cross-section for this type of scattering is estimated to be of the order 10~28 cm.2, and this value is in agreement with th a t given-by Bhabha for a " classical" mesotron theory.
There is no experimental evidence for the large increase of scattering due to short-range forces a t low mesotron energies given in the quantum mechanical treatm ent due to Heitler. For the available mesotrons of lowest energy, the cross-section is found to be less than 10-27 cm.2.. This result is not compatible with the present development of mesotron theory, and may be interpreted as indicating a failure in the treatm ent of the charge-exchange which leads to the interaction between charged mesotrons and heavy particles.
